and England and Wales, the United States, and Japan also have experienced long periods of air pollution [7] [8] [9] . The Indian government has launched a new air quality index in an attempt to tackle the highest PM2.5 concentrations of air pollution in India [10] . There is no doubt that there exists a certain connection between haze, energy structure, and industrial development [11] , but is there a difference for environmental effi ciency with and without the consideration of haze? Moreover, how much energy savings and haze reduction potentials are there in each province? Therefore, it is important for China to solve those problems of high input, high energy consumption, high pollution, and high emission, and to turn toward the economic development mode of high output, low energy consumption, low pollution, and low emission.
How to estimate environmental effi ciency has always been a hot topic in the economic fi eld -especially in China since 2008. Much literature concentrates on the traditional double input variables and economic output on environmental effi ciency research. The options of the traditional double-input variables are relatively limited by labor and capital [12] . With the emphasis on environmental protection and energy conservation, some researchers have begun to put energy consumption in input variables [13] [14] , other researchers also just introduced total water consumption into input variables [15] [16] . Outputs can be mainly divided into economic output and environmental output. Economic output was mainly regional GDP and environmental output mainly lies in the choice of pollutants, including sulfur dioxide (SO 2 ) [17] , carbon dioxide (CO 2 ) [18] [19] , industrial wastewater, gas and residue [20] [21] , and other traditional pollutants [22] [23] [24] . In addition, literature made one comprehensive weighted composite index with various pollutants to estimate environmental effi ciency in China [25] .
Studies have made some valuable attempts at environmental effi ciency research and laid a theoretical foundation for our research, but there is still room for improvement in this fi eld. Most of the literature focuses on labor, capital, and energy consumption of input variables, and a few papers take total water consumption into the input index in the perspective of the region. Environmental output mainly relates to traditional pollutants such as SO 2 , CO 2 , industrial wastewater, gas, residue, and so on. However, little in the literature has estimated environmental effi ciency with consideration of haze, and little has involved energy-saving and haze reduction analysis in China. Therefore, this paper includes total energy consumption, total water consumption, labor, and capital in the index portfolio, and also introduces haze and the main concerned environmental pollutants at the present stage into the comprehensive estimation of environmental effi ciency, compared with traditional effi ciency measures that only consider GDP, the evaluation result accord with the actual production process, and practical signifi cance and theoretical research value.
Methodology and Data

Methodology
In order to fully consider slack movement problem in the input and output variables, this paper applies the DEA method, including undesirable output, to calculate effi ciency scores. The SBM-undesirable model is shown as in Formula (1), which is based on the non-radial and non-oriented model by Tone [26] . 
In Formula (1), the vectors S -and S b correspond to the excesses in inputs and bad outputs, respectively, while S g highlights shortages in good outputs. The objective function ρ * is strictly decreasing with respect to S -, S g , and S b , and the objective value satisfi es 0 < ρ * ≤ 1. Input and output variables -Input variables: On the basis of literature research, the authors select employed persons [13] , total energy consumption [27] , capital stock [12] , and total water consumption [16] as input indicators. -Output variables: Output variables can be divided into desirable output and undesirable output, desirable output is economic output, this paper selects regional GDP as a proxy index [21] . Undesirable output is the environmental output, and therefore the authors choose haze as a proxy index. Furthermore, because haze was the main object in this paper, and PM2.5 is the key revealed index of haze, the authors decided to select average PM2.5 concentrations as a proxy indicator.
Data and Descriptive Statistics
Due to the absence of relevant data, Tibet was not considered in this research. This paper selects 30 provinces in the Chinese mainland from 2001 to 2012 [11, 28] . And to examine the imbalance of regional development, this paper also takes the division of China's eastern, central, and western regions according to the National Bureau of Statistics of the People's Republic of China.
The annual data of employed persons, total energy consumption, total water consumption, and GDP are obtained The annual data on capital stock of each region of China comes from the results proposed by Shan [29] . The authors assume the depreciation rate at 10.96%, get capital stock in 1952 constant prices (according to the perpetual inventory method in order to get to years of constant), and processed it in 2000 constant prices. The formula is expressed as Formula (2).
(
…where K it is the capital stock of i region in t year, I it is investment of i region in t year, and δ is the depreciation rate of i region in t year. The annual data of PM2.5 concentration used in this research is estimated from the combination of Moderate Resolution Imaging SpectroRadiometer (MODIS) and Multi-angle Imaging SpectroRadiometer (MISR) AOD (aerosol optical depth) with aerosol vertical profi les and scattering properties [30] . The global PM2.5 concentration dataset has a spatial resolution of 10 km as annual average during the period of 2001 to 2012 [31] . In this study, the authors obtain PM2. Table 1 .
Results and Discussion
On the base of input and output data of different regions in China during the period of 2001 to 2012, with MaxDEA5.0 software, the authors fi rst use Model (1) to calculate the environmental effi ciency score with consideration of PM2.5 of China provinces, as shown in Table 2 . In order to make a clearer comparative analysis of the effi ciency score without consideration of PM2.5, the authors calculated the effi ciency score with BCC-VRS model, as shown in Table 3 .
Overall Effi ciency Trends Fig. 1 shows intuitively the trend of average technical effi ciency change in China during 2001-12. The overall environmental effi ciency level of China is not high and changes slowly with or without the consideration of PM2.5. Both of them keep synchronized change and present a decreasing trend, and the average environmental effi ciency level value is 0.706 with the consideration of PM2.5, the score is signifi cantly lower than the average environmental effi ciency score of 0.867 without the consideration of PM2.5. From 2001 to 2010, the effi ciency value falls gently, but it declines signifi cantly because of PM2.5 levels increasing sharply in China from 2011, while obvious fl uctuations don't appear on technical effi ciency without the consideration of PM2.5. Therefore, the authors speculate that haze has to a great extent caused distortion on environmental effi ciency estimation. Roughly speaking, if haze is not considered, the economic mode is high-output and high-pollution; if considered, it is high-output but low-pollution. In order to realize economic growth and quality growth, it is necessary to introduce haze into the environmental effi ciency estimation framework in China.
Discoveries on the Regional Environmental Effi ciency Variance
There is an unbalanced development of environmental effi ciency in different regions. The following can be determined from For central and western regions, both of their environmental effi ciency levels are lower than the average effi ciency at the whole coun try level, and they present declining cross change during the inspection period. -The environmental effi ciency level in the eastern region is higher than that in the western region, a nd environmental effi ciency of the central region is the worst. The result disagrees with previous studies [13, 27] . In their research, they use traditional undesirable outputs like CO 2 , SO 2 , waste gas emission, wastewater discharge, and solid waste emission to estimate environmental effi ciency, and found that the environmental effi ciency level in the eastern region is highest among the three regions while the western is worst. This may be because PM2.5 concentration in the central region is 32.62 ug/m 3 , which is much higher than 21.24 ug/m 3 in the western region. Although the central area has a slightly better developed economy than the western region, the eastern region's environmental effi ciency is less affected by haze pollution than the western regio n. Environmental effi ciency can be signifi cantly improved in provinces. The following can be found from , and it gets to the standards of air quality according to the World Health Organization (WHO) regulations, although China's air standards are higher than the world's. -The 14 provinces (Guizhou, Hubei, Guangxi, Anhui, Hunan, Henan, Shaanxi, Jiangxi, Xinjiang, Chongqing, Gansu, Shanxi, Yunnan, and Hebei) have bad environmental effi ciencies. One important reason is that haze pollution is heavy in these provinces, and many energy-intensive industries such as steel, cement, and building materials consume massively polluting fossil energy [11, 23] .
Results of Wilcoxon Rank Sum Test
In order to test deviation for environmental effi ciency with or without t he consideration of PM2.5 and to realize the changes more clearly, we conducted the Wilcoxon rank sum test.
The null hypothesis is H0: There are no signifi cant differences on China's provincial environmental effi ciency estimation results with or without the consideration of PM2.5. The alternative hypothesis is H1: There are signifi cant differences on China's provincial environmental effi ciency estimation results with or without the consideration of PM2.5.
The authors take Wilcoxon Rank Sum test on the environmental effi ciency by SPSS18.0, and the results are shown in Table 4 , indicating that there are obvious differences between China's provincial environmental effi ciency with or without the consideration of PM2.5 and the signifi cance level is 1%. Therefore, the null hypothesis is rejected and the alternative hypothesis is accepted. This suggests that the environmental effi ciency estimation was biased if haze -the main concerned environmental pollutant at the present stage -was excluded. This result agrees with some empirical studies that the value of the conventional productivity was higher than the average annual productivity growth, including undesirable outputs [12, 17, [32] [33] . However, this fi nding disagrees with some research that excludes emissions results in understating effi ciency growth [34] [35] . In their studies, environmental regulation brought improvements for entity effi ciency when those undesirable outputs are considered.
Analyzing Energy-Saving and Haze Reduction
According to the SBM-undesirable-VRS model, the authors calculate the redundant degree of ineffective provinces and municipalities, which means input and output should be reduced or increased according to the slack variables in order to achieve effective sample standard. We focus on calculating redundancy degree of energy consumption, water consumption, and haze pollution for the invalid provinces.
Overall, there is a large improvement ability for energy consumption, water consumption, and haze emission of various provinces and cities in China. It can be seen from Fig. 4 that there is 24.26% of energy saving potential on average of the study period. The lowest energy savings rate was 17.56% in 2001, while the highest was 33.58% in 2012. With the increases of energy consumption, the energy saving potential becomes higher. This indicates that environmental effi ciency can be improved by reducing energy consumption. For the study samples, there could be 304.32 million tons coal saved during 2001-12. Economic growth depends mainly on the material energy consumption rather than science and technology progress, high-quality talents, and management innovation. The outdated production equipment and technology cause a large amount of energy waste. At the same time, the coal-dominated energy structure is not conducive to environmental effi ciency improvements, but also has a negative impact on energy utilization effi ciency. As a result, China has a long way to go to achieve energy conservation. Fig. 5 shows that there is 39.16% of regional water saving potential on average during the study period. The lowest water saving rate was 28.44% in 2001 while the highest was 50.18% in 2012, and the water-saving potential in 2012 was 22% higher than in 2001. There could be 7.62 billion m 3 on average saved during 2001-12. With more water consumption, the water-saving potential is becoming bigger and bigger. The water-saving potential even reached 50%, and almost half of the water resources are wasted. Water use effi ciency is not high, and the degree of industrial water reuse and recycling is low and water technology is outdated. According to data shown in 2004, the industrial water reuse rate in China was only 60-65%, and 20% lower compared with the rate of 80-85% in developed countries. Therefore, water-saving potential should be a priority in the future. Fig. 6 shows that regional haze reduction potential is 26.49% on average. The rate of haze reduction was 23 However, the failure of old environmental policy, the small investment scale, and the environmental bearing capacity couldn't match the huge pollution emissions after 2010, which led to haze pollution overall outbreak in 2011 and 2012. Therefore, it is critical to formulate environmental standards and environmental policy and enforce policies for haze governance.
The Improvement Direc tion of Environmental Effi ciency
Since the SBM-undesirable mode l utilizes slacks on input or output variables to measure the environmental effi ciency for each Chinese region, the ineffi cient regions can become effi cient by adjusting their input and output variables so as to reach the benchmark [27] [28] 34] . Therefore, in this section the authors use the SBMundesirable model to survey the improvement direction of environmental effi ciency for different Chinese regions during our study period. Table 5 shows the average amount adjusted for environmental effi ciency during our study period.
In Table 5 , every province has to adjust its input and output variables to reach the benchmark. The input variables of employed persons, total energy consumption, capital stock, and total water consumption can be reduced by 9.33 million persons, 25 It is important to note that only the GDP of Ningxia Province can increase 16.71 billion yuan, and other provinces have no adjustment. All of these show that the current technical level is not changed, if the provinces want to improve their environmental effi ciency and reach the product ion frontier, they must focus on employed persons, total energy consumption, capital stock, and total water consumption; specifi cally, PM2.5 concentration reduction must be a top priority.
In addition, the number reduction of employed persons in Henan, which can reach 37.09 million, is the biggest value in China. The authors think that Henan is the most populous and labor-intensive province in China, and how to make great efforts on personnel placement should be one of the effective ways to improve the environmental effi ciency in Henan.
The number reduction of energy consumption in Hebei Province, 124.85 million tce, is the highest value in China. These are closely related with its attribute, and energy-intensive manufacturing occupies a high proportion in Hebei, the iron and steel enterprises are especially concentrated and energy consumption is high in the province. Therefore, adjusting the industrial structure and reducing energy consumption has become one of the main challenges to achieving an effi cient frontier in Hebei.
In Jiangsu Province, the reduction of capital stock, 823.39 billion yuan, is the highest value in China. The annual average capital stock is 4.11 trillion yuan in Jiangsu, which is inferior to the 4.36 trillion yuan in Shandong. So, to scale down the capital stock in the fi rst place, Jiangsu cannot only save resources, but also can reach the production frontier.
The reduction of the total water consumption in Xinjiang Province, 47.03 billion m 3 , is the largest value in China. The annual average amount of total water consumption reached 52.67 billion m 3 in Xinjiang, which is only 53.38 billion m 3 lower than in Jiangsu. Therefore, Xinjiang needs to scale down total water consumption to become the benchmarking province.
The PM2.5 reduction potential in Henan Province, 27.67 ug/m 3 , is the higher than many provinces and cities. During our study period, the top three polluted provinces by haze in China are Shandong, Jiangsu, and Henan, where the PM2. In these regions, labor and resources are usually intensive, and especially highly concentrated are high-energy consuming and high-polluting industries such as steel, building materials, metallurgy, chemical, petrochemical, and so on. Therefore, these provinces should pay s pecial attention to reducing average PM2.5 concentrations and strengthening control haze pollution to achieve effective environmental effi ciency.
Conclusions
This paper examines environmental effi ciency with and without the consideration of PM2.5 and analyzes the energy savings and haze reduction with the SBMundesirable-VRS model based on the provincial panel data of China during 2001-12. The crucial fi ndings are as follows: fi rst and foremost, the overall environmental effi ciency score is ineffi cient, and there is unbalanced regional development among the eastern, central, and western regions. In addition, there exist signifi cant differences between provinces in environmental effi ciency. What is more, Wilcoxon's rank sum test also shows that true environmental effi ciency was underestimated if PM2.5 was ignored, which indicates that both economic output and haze should be included in the estimation of environmental effi ciency levels in China, where haze is the main concerned environmental pollutant at the present stage. Last but not least, there is a large space for energy consumption, water consumption, and haze emissions in China. The ineffi cient regions can become effi cient through adjusting their input and output variables so as to reach the benchmark. To improve environmental effi ciency and haze control in the future, policy recommendations can be summarized as follows: 1. To improve environmental effi ciency at the national level, China should change the economic development mode of high input, high energy consumption, high pollution, and high emissions and turn toward the ecological development mode of high output, low energy consumption, low pollution, and low emissions, which also considers both economic growth and growth quality. 2. Second, the results show that environmental effi ciency is unbalanced in regions and provinces. This means that it is key to set up regional emissions standards and regional coordination mechanisms such as charging different pollution emission taxes according to the degree of economic development in various regions, which is conducive to haze control and would narrow the regional environmental effi ciencies gap. 3. The results refl ects that there is great potential savings of energy, water, and regional haze reduction. This suggests that the government should eliminate outdated equipment and introduce new technologies to reduce water consumption and the consumption of fossil fuels, and encourage the development and utilization of new and renewable resources of energy. The government also should pay more attention to absorption and utilization in order to avoid wasting resources.
